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Environmental effects in quantum annealing
Tobias Chasseur1, Stefan Kehrein2, and Frank K. Wilhelm1
For quantum annealing, as opposed to cir-
cuit based quantum computing, the solution to a
computational problem is encoded in the ground
state of a quantum system. Therefore its sus-
ceptibility to environmental effects is a different
but not less important open question essential
to a scalable implementation. In this work we
use renormalization group techniques to study
the effect of Ohmic baths in a regime typical for
practical adiabatic quantum computation. We
show qualitative change to the effective Hamil-
tonian as well as the reduced qubit density ma-
trix encoding entanglement between system and
bath. An effective dephasing of the reduced den-
sity matrix limits the extractable information
from many qubit entangled groundstates. We
find that the annealing process is no longer re-
stricted to the qubits and discuss possible draw-
backs or benefits of annealing in the combined
system–bath states.
Introduction
Quantum computation and simulation has the
potential to fundamentally outperform its classi-
cal counterparts due to superior scaling for spe-
cific tasks. The advantage in relevant problems
only emerges on a medium to large sized quan-
tum computer [1]. Two approaches to quan-
tum computation show very different strategies
to scaling and the treatment of environmental
influence: While gate based quantum comput-
ing requires fidelities to meet hard thresholds
and relies on error correction codes to increase
fidelities, adiabatic quantum computing is con-
jectured to be more tolerant against coupling to
the environment [2] or to even benefit from it
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[3, 4]. As a result current quantum annealing
architectures operate with a larger number of
qubits but less shielding from the environment
[5].
The robustness against the environment is lim-
ited; it is a known result in strong coupling
physics that high frequency bath modes cor-
respond to structural changes of the effective
Hamiltonian, e.g., the suppression of coupling in
a two level system as shown using renormaliza-
tion group theory [6, 7] as well as experimentally
[8]. With increasing bath coupling the two–level–
system undergoes a dissipative phase transition
towards a complete suppression of coupling be-
tween the qubit states – this would mark a break-
ing point for adiabatic quantum computation. In
this work we use poor man’s scaling to derive an
effective Hamiltonian and reduced density ma-
trix to describe the qubits influenced by Ohmic
baths. We go beyond weak coupling which can
be treated with perturbative master equations
[9, 2] but is insufficient for describing a scaled
quantum annealer and rather focus on the more
suitable locally coherent but globally dephased
(LCGD) regime. We discuss implications for an-
nealing algorithms with regard to the desired
ground state and extractable information as well
as potential drawbacks or benefits from system–
bath entangled states.
Problem setting
A physical device geared towards quantum com-
putation is build around a set of two–level–
systems, i.e. qubits which can within limitations
interact with each other as well as be controlled
and measured by an outside observer. While a
circuit model architecture relies on long qubit
lifetimes and high fidelity implementation of uni-
versal gate sets [1, 10] the computational power
of quantum annealing is encoded in the ground
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state of a widely adjustable Hamiltonian [11]. As
such it is thought to be more robust against im-
perfections leading to a scale up in system size at
the cost of the afforementioned worse shielding
against the environment [5]. To account for that
we describe the system bath dynamic employing
the multi–spin–Boson model, i.e., a number n of
qubits coupled to bath modes
H = Hq +
∑
k
σikZ
2
λk(ak + a
†
k) +
∑
k
ωka
†
kak.
(1)
Here Hq is the Hamiltonian solely acting on the
qubit system; k denotes the bath mode and
ik ∈ {1, 2, . . . n} the respective qubit it is coupled
to. While the above Hamiltonian implies sepa-
rated bath modes for each qubit we will treat
the effects of a shared bath as well. Regardless
thereof, an Ohmic distribution of bath modes
Ji(ω) = 2αiωΘ(ωc − ω) has been found suitable
to model environmental effects in the regarded
frequency regime and will be used throughout
this work [12].
Renormalization group techniques are tools to
treat high dimensional quantum systems with
varying energy scales. The main ansatz is to
translate coupling to strongly off resonant terms
into small changes to the Hamilton at a pre-
ferred frequency scale hence reducing the rele-
vant Hilbert space. The generalization from the
single spin case mentioned above to many qubits
however poses a nontrivial challenge and is a ma-
jor part of this work.
Poor man’s scaling is a simple yet effective
take on renormalization [13]. As is common for
renormalization techniques it translates a high
energy part of the Hilbert space, i.e. excited bath
modes with with frequencies above ω0 which is
chosen much larger than the groundstate energy,
into effective changes to the qubit Hamilton.
While a single iteration can be identified as the
Lamb–shift [14], revaluation of ω0 with regard
to the effective Hamiltonian allows for iterative
application of poor man’s scaling. We use this
approach to derive the effective Hamiltonian as
well as the reduced density matrix of its ground
state for arbitrary qubit Hamiltonian depending
on the strength of the system bath coupling.
Results
We write the qubit Hamiltonian as a sum of Pauli
strings, i.e., Hq ≡
∑
∆~sσs1 ⊗ σs2 . . . σsn and re-
quire a continuous ω0  ∆~s. Leaving technical
details to the supplementary material we find
∆~s(ω0) = ∆~s
(
ω0
ωc
)c(~s)
(2)
in leading order of effects. The suppression
of specific Pauli strings in the Hamiltonian via
poor man’s scaling is depended on a combined
bath coupling constant c(~s) =
∑
i∈M αi with
M = {i|[σsi , σZ ] 6= 0}. Consequently ∆~s is
an either constant or monotonically increasing
function of ω0, i.e., decreasing the effective cut-
off frequency ω0 reduces the contribution of the
H~s not commuting with the coupling to the bath.
Note that the more general model of bath modes
coupling to multiple qubits produces additional
effects on Hq; however those are negligibly small
in comparison with equation (2).
First focusing on individual Pauli strings for
c(~s) = 1 one sees that ∆~s is linear in ω0 thus
marking the transition between complete and in-
complete suppression of ∆~s. For Hq ∝ σiX we
reproduce the single qubit case with the known
phase transition at α = 1. It is however impor-
tant to remember that the above covers special
cases where the qubit Hamilton consists of a set
of Pauli strings that sponsor equal c(~s). In more
general settings the assumption ω0  ‖Hq‖ is
validated for the ensemble of ∆~s, e.g., complete
suppression requires all relevant c(~s) ≥ 1. How-
ever despite a final ω0 6= 0 Pauli strings with
c(~s) ≥ 1 are suppressed significantly stronger
than those with weaker bath coupling represent-
ing more gradual transitions.
It is important to note that while the eigen-
values of the effective Hamiltonian are the ener-
gies of the system, the corresponding eigenstates
|Ψl〉 do not describe full qubit states but their
renormalized projection onto a Hilbertspace with
lower cutoff frequency. This encodes entangle-
ment between the qubit system and the elimi-
nated bath modes. To account for that we de-
rive effective qubit operators Qeff that describe
the system as seen by accessible measurement
operators Q; or rather we derive the reduced den-
sity matrix such that 〈Qeff〉 = Tr [ρrQ]. In the
supplementary material we show that the transi-
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tion of the reduced density matrix coincide with
that of the Hamiltonian described in equation
(2). Notably one can rewrite the effect of the
bath modes interacting with qubit i to
ρ→ 1 + (ω0/ωc)
αi
2
ρ +
1− (ω0/ωc)αi
2
σiZρσ
i
Z
(3)
which translates to a dephasing of that qubit
with probability 1 − (ω0/ωc)αi . This notation
is equivalent to the operator–sum representation
[15]. As the effects on different qubits commute
we identify the effects of poor man’s scaling with
simultaneous local dephasing of all qubits. How-
ever it is important to differentiate between the
gradual dephasing associated with the coherence
time T2 and the fixed dephasing occurring here
which poses a limit to the measurable phase cor-
relation on any qubit of the system. Note that
the impure groundstate is not in conflict with
the foundations of thermodynamics: other than
there, each qubit adds another bath to the sys-
tem, so a limit of infinitesimal Bath coupling is
never reached.
Entanglement is an essential feature of quan-
tum technologies necessary to allow supremacy
in comparison to its classical counterparts; so
does a ground state that is a single qubit prod-
uct state not provide an advantage for quan-
tum annealing over classical computation. The
classification of multipartite entanglement is less
straightforward than for just two parties reflect-
ing the complexity of increasingly large quan-
tum systems, however the GHZ state |Ψ〉GHZ =
1√
2
(|00 . . . 0〉 + |11 . . . 1〉) is considered to be a
maximally entangled state [16]. Assuming equal
αi = α and the GHZ state being the entangled
ground state of an effective Hamiltonian we find
that the dephasing of equation (3) which accom-
panies the poor man’s scaling reduces the off di-
agonal elements of the density matrix and there-
fore the phase relation between the two prod-
uct states by a factor (ω0ωc )
nα. This depends
to great extend on the ratio of initial and final
cutoff frequency and therefore the specific sys-
tem settings; for large enough n it converges to
a complete mixture of product states |00 . . . 0〉
and |11 . . . 1〉 which is neither coherent nor en-
tangled. We suspect a general trend to suppress
many qubit multipartite entanglement as it im-
plies long Pauli strings in the density matrix.
Figure 1: Diagram of different regimes of the
αi ∈ [αmin, αmax] for n qubits. For simplicity we
assume that all αi are either minimal or maxi-
mal. We find that in the weak coupling regime
all c(~s) are small, hence while the transforma-
tion changes the ratio between the different cou-
plings it does not prohibit any Pauli strings. In
contrast many–qubit σX/Y strings are strongly
suppressed in the LCGD regime while k−local
interactions are only affected weakly. In the
partially and fully localized regimes increasingly
many k−local terms are suppressed limiting the
possible ground states of the system. The clas-
sical phase describes a system where all terms
commute hence the qubits’ effective behaviour
can be described classically.
A Hamiltonian is k−local if all of its terms are
acting nontrivially on at most k qubits; those
Hamiltonian can be used to engineer systems
with arbitrary ground states for k ≥ 2 [17]. Such
a Hamiltonian is only effected by at most k bath
couplings which can be well controlled in experi-
mental settings even when scaling to large qubit
numbers. In contrast those pose a threat to the
integrity of entangled density matrices as
∑
αi
grows with the number of qubits. To further in-
vestigate that we are especially interested in the
locally coherent but globally dephased (LCGD)
regime where kα is small but nα is not. We
showcase the regime in figure (1). We focus on
an antiferromagnetic Hamiltonian which is a re-
alistic setting for quantum annealing application
[18]. We use the specific example
Hafm = s
∑
i
σiZ + s(1− s)
∑
ij
cijσ
i
Zσ
j
Z
+ s
∑
ij
cijσ
i
Xσ
j
X (4)
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Figure 2: Analysis of the ground state of the
antiferromagnetic Hamiltonian Hafm for a spe-
cific 12–qubit example at s = 0.8. We calculated
the ground state for both original and effective
qubit Hamiltonian corresponding to minimal ω0
within Heff(ω0) ω0. The reduced density ma-
trix is found by applying the transformation of
equation (2) to the latter. One finds that while
the system–bath state is relatively close to the
intended ground state for α < 0.1 or 2α < 0.2,
the measurable state is not only considerably de-
formed but also incoherent at α = 0.02 which
corresponds to 12α = 0.24. Find additional fig-
ures including the entropy of the reduced density
matrix in the supplementary material.
with cij ∈ {0, 1} only coupling specific qubit
pairs and s being the annealing parameter 1.
With an appropriate set of cij 6= 0 this 2–local
Hamiltonian can support multipartite entangled
ground states. Showcasing a specific 12–qubit
example in figure (2) we verify the expected be-
haviour in the LCGD regime. While 2α is sig-
nificantly smaller than one, the effective Hamil-
tonian is affected weakly resulting in a combined
system bath density matrix ρsb close to the ideal
state. Contrarily the qubit state as observed via
external measurement is affected stronger indi-
cating long Pauli strings in the density matrix.
To show the prohibition of entanglement we com-
puted the purity and entropy of ρr as entangle-
ment is limited by coherence. We find that in the
regime where effective Hamilton and its ground-
state are still intact the observable state is sig-
nificantly to totally incoherent.
We see that in the LCGD regime, the effec-
tive Hamiltonian can sponsor a multipartite en-
1courtesy of Itay Hen
tangled state which however does not exist in
the qubit space alone but also represent entan-
glement between qubit and high frequency bath
modes; this needs to be taken into consideration
when calculating system dynamics. Due to the
effective dephasing of the reduced density ma-
trix that ground state appears incoherent under
qubit measurement.
Discussion
We have investigated environmental effects rep-
resented by an Ohmic bath on quantum an-
nealing using renormalization group theory. We
derived the suppression of terms in the qubit
Hamiltonian not commuting with the bath cou-
pling which is increasingly strong for many–
qubit terms. The same leading order transfor-
mation can be seen for the reduced density ma-
trix encoding an entanglement between system
and bath. We focus on the LCDG regime which
inevitably arises when scaling to large systems,
i.e. a robust k–local Hamiltonian can sponsor
any multipartite entangled groundstate which is
not accessible by qubit measurement. We dis-
cuss the implications for quantum annealing due
to inaccessibility of the groundstate as well as
the entanglement between system and bath.
The benefits of entanglement to annealing pro-
tocols often does not equal a many qubit en-
tangled desired state. For example the adia-
batic Grover or Deutsch-Josza algorithms do end
up in product states [2], thus the readout of
those is only perturbed weakly in the LCGD
regime. However many–qubit entangled ground
states occur e.g. in many quantum simulations
where the final Hamiltonian represents a physi-
cal system that is hard to solve classically, i.e.,
is not a product state [19, 20]. Those are lim-
ited in extractable information. More specifi-
cally the LCGD–dephased density matrix allows
high fidelity measurements only for k–local oper-
ators while many–qubit correlations are not rep-
resented in the measurement.
While the final Hamiltonian does not gener-
ally produce an entangled ground state, the sys-
tem passes those on an efficient annealing path
[21]. This means that while one starts and ends
with a pure qubit state, the quantum anneal-
ing happens in both system and bath. Contrary
4
to common intuition we believe that this does
not per se prohibit quantum computation and
may even be beneficial to the annealing process.
We believe that the combined system–bath state
no longer evolves adiabaticly but rather behaves
more thermically, which has been shown to be
beneficial [4]. While experiments with low qubit
numbers seem to support this reasoning [22] it
remains to be investigated also with regards to
its dependence on further architecture and proto-
col specifics as well as tested in a LCGD–regime
device with n k.
The multispin Bose model has been exten-
sively studied (e.g. [23, 24]) however mostly are
not focused on spin dynamics which is required
to investigate qubit based applications. Previous
work studying environmental effects on quantum
annealing however have been relying on pertur-
bative master equations thus restricting them-
selves to weak coupling hence weak effects[9, 2].
With the renormalization group approach we go
beyond this limit, hence are able to treat the
LCGD regime between the weak and strong cou-
pling limit investigated by Albash and Lidar [2].
In that we could conclude that quantum anneal-
ing partially happens in both qubits and envi-
ronment and only provides limited access to a
multipartite entangled groundstate which how-
ever is sufficient for a lot of algorithms.
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Environmental effects in quantum annealing:
Supplementary Material
Tobias Chasseur1, Stefan Kehrein2, and Frank K. Wilhelm1
Transformation under poor
man’s scaling
We derive the transition of effective Hamiltonian
and reduced density matrix under poor man’s
scaling, which is a renormalization technique as
described in Ref. [1].
As is common for renormalization techniques
poor man’s scaling assumes a different energy
scales within a system so that the Hilbert space
can be seperated into a high energy and lower
energy part, i.e, H ≡ Hl ⊕ Hh. There is no
necessity for a distinct gap in the energy spec-
trum; just for the energy scales of Hh to be large
in comparison to energies near the groundstate
energy. The approach of poor man scaling is to
derive an eigenwert equation on the lower energy
subspace. For P(l/h) projecting onto the respec-
tive subspaces and H(l/h)(l/h)′ = P(l/h)HP(l/h)′
we find:(
Hll Hlh
Hhl Hhh
)( |Ψl〉
|Ψh〉
)
= E
( |Ψl〉
|Ψh〉
)
(5)
hence
Hhl |Ψl〉+ Hhh |Ψh〉 = E |Ψh〉 (6)
|Ψh〉 = (E −Hhh)−1 Hhl |Ψl〉 (7)
and therefore(
Hll + Hlh (E −Hhh)−1 Hhl
)
|Ψl〉 = E |Ψl〉 .
(8)
Eq. 8 is exact but nonlinear and therefore
not easily solvable for E. In the low energy
1Theoretical Physics, Saarland University, 66123
Saarbru¨cken, Germany
2Institute for Theoretical Physics, Georg-August-
Universita¨t Go¨ttingen, Friedrich-Hund-Platz 1, 37077
Go¨ttingen, Germany
regime Hhh is the dominant term in (E −Hhh).
The standard ansatz is to approximate E by
the groundstate energy Egs; however we found
that this gives an unwanted shift in the effective
change of the Hamiltonian resulting in non neg-
ligible errors. We therefore refrain from making
the approximation while still assuming that E is
small compared to all energy levels of Hh. This
leads to a nonlinear equation for determining E
which can be linearized by approximations bet-
ter suitable for the problem at hand.
For that we look at a quantum system of mul-
tiple qubits with a Pauli σZ-coupling to a set
of bath modes which we assume to be ohmicly
distributed, i.e.:
H = Hq +
∑
k
σikZ
2
λk(ak + a
†
k) +
∑
k
ωka
†
kak
(9)
where Hq ≡
∑
∆~sσs1 ⊗ σs2 . . . σsn acts solely on
the qubit system. We define the Hilbert space
separation Hl = Hq ⊗Hωk<ω0 ⊗ {|0〉}ωk≥ω0
which excludes all state in which any bath mode
above a ω0 is excited from the lower energy
Hilbert space. This separation is not energy
ordered, however it assures that any eigenenergy
of Hhh is above ω0 which will be vital for the
following. Firstly we look at
Hlh = PlHqPh + Pl
∑
k
σikZ
2
λk(ak + a
†
k)Ph (10)
+ Pl
∑
k
ωka
†
kakPh (11)
= Pl
∑
k
σikZ
2
λk(ak + a
†
k)Ph (12)
= Pl
∑
k≥k0
σikZ
2
λkakPh (13)
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and
Hhl = Ph
∑
k′≥k0
σ
ik′
Z
2
λk′a
†
k′Pl (14)
We make the assumption that the only
terms with k = k′ contribute. This can be
justified by neglecting second order terms
of {ak, a†k} in (E − Hhh)−1 or, more rig-
orously, by applying the poor man scaling
to every bath–mode individually. This re-
stricts the inversion problem on the single
excitation subspace of a specific mode , i.e.,
Hh(k′) = Hq ⊗Hωk<ω0 ⊗ {|0〉}ω0≤ωk 6=ωk′ ⊗ {|1〉}ωk′ .
In this subspace we find
Hhh = Hq +
∑
k<k0
σikZ
2
λk(ak + a
†
k) +
∑
k<k0
ωka
†
kak
+
∑
k≥k0
σikZ
2
λk(ak + a
†
k) +
∑
k≥k0
ωka
†
kak
(15)
Hh(k′)
= |1〉〈0|k′ Hll |0〉〈1|k′ + 0 + ωk′ . (16)
As we are focusing on the lowest energy eigen-
states, ωk′ is the dominant term. Approximating
the inversion in Eq. 8 in first order of Hll and E
on finds
(E −Hll − ωk′)−1 ≈ − 1
ωk′
(
1 +
E
ωk′
− 1
ωk′
Hll
)
(17)
and Eq. 8 transforming to
E |Ψl〉 = Hll +
∑
k′≥k0
λ′k
2
σ
i′k
Z
[
− 1
ωk′
(1
+
E
ωk′
− 1
ωk′
Hll
)]
λ′k
2
σ
i′k
Z |Ψl〉 (18)
= Hll +
∑
k′≥k0
λ2k′
4ω2k′
σ
ik′
Z (Hll − E)σik′Z |Ψl〉 .
(19)
As E is a number commuting with σ
ik′
Z one finds
the leading order effective Hamiltonian via re-
cursive application as
Heff = Hll +
∑
k′≥k0
λ2k′
4ω2k′
(
σ
ik′
Z Hllσ
ik′
Z −Hll
)
= Hll +
∑
k′≥k0
λ2k′
4ω2k′
(
σ
ik′
Z Hqσ
ik′
Z −Hq
)
(20)
with omitting constant terms and using that all
σZ commute. One can see that whether Hq is
affected by the transformation depends on if it
commutes with the σiZ . We rewrite
Hq ≡
∑
∆~sσs1 ⊗ σs2 . . . σsn (21)
as σiZσ~siσ
i
Z = ±σ~si . This implies the transfor-
mation of the ∆~s under poor man scaling
∆~s → ∆~s
1− ik′∈M∑
k′≥k0
λ2k′
2ω2k′
 (22)
with M = {i|[σsi , σZ ] 6= 0}, i.e., each Pauli
string is affected by those bath modes where it
does not commute with the σZ of the respec-
tive qubit; affecting bath modes effectively re-
duce ∆~s.
It is important to note that poor man scaling
generates an equation to determine eigenenergies
as well as the projection of the eigenvectors onto
a lower dimension Hilbert space. Therefore asso-
ciated transformation does neither preserve the
orthogonality nor the normalization of the eigen-
vectors. Consequently it is neither unitary nor
does it necessarily preserve the Hermitian prop-
erties of the qubit Hamiltonian. This effect can
be seen in higher order terms. As the effective
Hamiltonian is no longer a pure qubit Hamilto-
nian it is important to understand the transfor-
mation of measurement accessible qubit opera-
tors Q. As those do not couple high and low
energy Hilbert spaces one can employ the ansatz
in Eq. 5 for any eigenvector to find
〈Q〉 = 〈Ψl|Q |Ψl〉+ 〈Ψh|Q |Ψh〉 (23)
= 〈Ψl|Q |Ψl〉
+ 〈Ψl|Hlh(E −Hhh)−1†
Q(E −Hhh)−1Hhl |Ψl〉 (24)
= 〈Ψl|Q +
∑
k≥k0
λ2k
4ω2k
σikz Qσ
ik
z |Ψl〉+O(
1
ω3k
).
(25)
Notably the transformed operator one finds in
the above equation acts on the projected eigen-
vectors which are no longer normalized. The eas-
iest solution is to exploit 〈1〉 = 1; we renormalize
8
Q to
Qeff = Q +
∑
k′≥k0
λ2k′
4ω2k′
(
σ
ik′
Z Qσ
ik′
Z −Q
)
, (26)
which is the same transformation as for the ef-
fective Hamiltonian. While this is a remarkable
coincidence we find that it is not universally true
by looking at higher orders or bath modes cou-
pling to multiple qubits. To describe the trans-
formation of operators in a compact form we de-
fine the reduced density matrix ρr that describes
the state accessible by qubit measurements such
that 〈Qeff〉 = Tr[ρrQ]. As the density matrix
undergoes the same transition we identify
ρ→
(
1− λ
2
k′
4ω2k′
)
ρ+
λk′σ
ik′
Z
2ωk′
ρ
λk′σ
ik′
Z
2ωk′
(27)
as local dephasing of the qubit ik′ [2].
The assumption of each bath mode coupling
to just one qubit is a simple approach to in-
corporate the incoherent nature of the environ-
ment. While the qubit–qubit interaction via
bath modes is in fact limited by the coherence
of the bath, the introduction of additional cou-
pling is a known effect [3]. To account for both
effects we incorporate less local bath modes that
couple to multiple qubits with varying strength.
One finds
Hlh = Pl
∑
k′≥k0
∑
i
σiZ
2
λik′ak Ph (28)
and therefore
Heff = Hll +
∑
k′≥k0
∑
i,j
λik′λ
j
k′
4ωk′
[
1
ωk′
(
σiZHqσ
j
Z
−σiZσjZHq
)
− σiZσjZ
]
. (29)
While the i = j effects were discussed in Eq.
20 the remainder is dominated by an introduced
σZσZ coupling between qubits i and j. Those
effects do not interfere as the generated terms
commute with the bath coupling. The remain-
ing terms are weaker by a factor ||Hq||/ωk′  1
in the regime where poor man scaling is applica-
ble. We therefore find that for any system where
λiλj  λ2i does not hold, the bath effects on the
Hamilton are dominated by σZσZ couplings thus
either all other effects are negligible or the effec-
tive Hamiltonian is mainly consisting of σZσZ
couplings. We therefore assume λiλj  λ2i to
hold.
Nonetheless we characterize the remaining
terms 1/ωk′(σ
i
ZHqσ
j
Z − σiZσjZHq) qualitatively.
We find that firstly they vanish for σsj com-
muting with σZ , secondly they do not change
the bath couplings a term commutes with and
thirdly for σsi ∈ {1, σZ} and σsj ∈ {σX , σY }
they are antihermitian. Note again, that non-
hermitian terms are just artefacts of cutting the
state vector; they do not compromise the energy
eigenvalues.
When including non local bath modes we find
the transformation of measured operators differs
from the effective Hamilton. Most remarkably
the newly found pure σiZσ
j
Z terms do not occur.
However the renormalization proves to be more
difficult as 〈1〉 depends on the qubit state. One
finds leading order
〈Ψl|Qeff |Ψl〉 = 〈Ψl|Q +
∑
k′≥k0
∑
i,j
λik′λ
j
k′
4ω2k′(
σiZQσ
j
Z −Q 〈Ψl|σiZσjz |Ψl〉
)
|Ψl〉 . (30)
which has to equal Tr[ρrQ] sponsoring the tran-
sition
ρ→
(
1− λ
i
k′λ
j
k′
4ω2k′
Tr[ρσiZσ
j
Z ]
)
ρ+
λik′λ
j
k′
4ω2k′
σiZρσ
j
Z .
(31)
While this transition is nonlinear, it does pre-
serve the trace of the density matrix and it de-
scribes the dephasing derived above for i = j.
The smaller remaining terms only come into ef-
fect for either σsi , σsj ∈ {σZ ,1} or σsi , σsj ∈
{σX , σY } as otherwise the contributions are can-
celed out by switching i and j. As for the tran-
sition of the Hamilton operator we find that the
set bath couplings a term commutes with does
not change meaning the newly derived terms do
not interact with the predominant dephasing.
To quantify the effects described above on a
physical system the relevant bath modes can
typically be described by an Ohmic distribu-
tion J(ω) = 2αωΘ(ωc − ω) with cutoff fre-
quency ωc and α mediating the coupling strength
[4]. We focus on separated baths and make a
transition from discrete to continuous modes,
i.e.
∑
k λ
2
k →
∑
i
∫
Ji(ω)dω. For an infinitesi-
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mal scaling ω0 = ωc−δω one finds the transition
∆~s(ωc − δω) = ∆~s(ωc)
1− δω [σ~s,σ
i
k′
Z ]6=0∑
i
αi
ωc

(32)
and
d∆~s
dω0
=
∆~s
ω0
[σ~s,σ
i
k′
Z ]6=0∑
i
αi (33)
≡ c(~s)∆~s
ω0
(34)
∆~s(ω0) = ∆~s(ωc)
(
ω0
ωc
)c(~s)
(35)
with 0 < c(~s) <
∑
αi a constant specific to the
bath couplings a Pauli string does not commute
with. We find ∆~s to be either constant or mono-
tonically increasing with ω0, i.e., decreasing the
effective cutoff frequency ω0 reduces the contri-
bution of the Pauli strings not commuting with
all bath couplings. The above derivations are
valid as long as the high energy frequencies are
much larger than the effects of the qubit Hamil-
ton hence poor man scaling can be applied until
the condition is no longer met. As this implies
∆~s  ω0 we examine the dependencies of ∆~sω0 as
shown in Fig 3. One can see that for
• c(~s) = 0: Pauli strings that align with the
bath coupling or act as the identity are not
affected by the bath and therefore indepen-
dent of ω0. Notably this applies to the bath
induced σZσZ separating those effects.
• 0 < c(~s) = 0 < 1: ∆~s decreases slower than
ω0 hence at some point ∆~s  ω0 is no longer
met yielding a nonzero effective ∆.
• c(~s) = 1: the ratio ∆~sω0 is constant. This case
marks the transition between complete and
incomplete suppression of the qubit Hamil-
tonian.
• 1 < c(~s): ∆~s decreases faster than ω0 and
therefore can vanish completely.
It is however important to note that for a non-
trivial Hamilton the condition ∆~s  ω0 is to be
treated jointly for all Pauli strings.
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Figure 3: The ratio ∆~sω0 for different values of c(~s)
starting at ω0 = 30 and ∆ = 1. The indicated
validity limit marks the abortion of poor man
scaling as ∆c=0  ω0 no longer holds.
The antiferromagnetic Hamil-
tonian – supplementary Plots
We investigate the LCGD–regime, employing the
antiferromagnetic Hamiltonian
Hafm = s
∑
i
σiZ + s(1− s)
∑
ij
cijσ
i
Zσ
j
Z
+ s
∑
ij
cijσ
i
Xσ
j
X . (36)
In addition to Fig. 2 of the main text we give ad-
ditional plots showcasing the environmental ef-
fects on the Hamiltonian. In Fig. 4 we show the
entropy for the settings used before; the simula-
tion confirms a significant loss of coherence even
at α = 0.02. Notably, after a strong increase,
the entropy declines again coinciding with the
failure of the effective Hamiltonian. We see in
Fig. 5 that in the limit of large α , i.e., strong
effects on both Hamiltonian and reduced density
matrix, the reduced density matrix represents a
pure state. If all σXσX terms in the Hamiltonian
are eliminated, it solely consists of σZ terms thus
its eigenstates commute with those. As σZ eigen-
states are invariant under dephasing, the reduced
density matrix is pure. However those states
are product states hence the revival of coherence
does not coincide with a revival of entanglement.
In Fig. 6 we observe these effects for smaller α
as the σZ terms of the Hamiltonian are stronger
for smaller annealing parameter s.
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Figure 4: Entropy of the reduced density matrix
of the 12–qubit example used in the main work.
Its increase even at small α indicates strong de-
phasing of a multipartite entangled ground state.
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Figure 5: Purity and entropy of the reduced den-
sity matrix. For larger α, ρr represents a pure
state.
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Figure 6: An instance of the 12–qubit antiferro-
magnetic Hamiltonian generated by a different
set of cij at s = 0.7. The deformation of the
system–bath groundstate and revival of coher-
ence take place for smaller α.
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